Intersubband light absorption measurements have been performed on a series of GaAs/AlAs quantum wells with heavy delta doping of Si atoms in the range 9.0ϫ10 11 -6.5ϫ10 12 cm
the infrared absorption due to the ISBT process in a QW is still only about 2% in the Brewster geometry, 1 even when N s is 1ϫ10 12 cm
Ϫ2
. Hence the higher electron concentration N s is desirable for improving infrared optical devices.
The delta doping of Si in GaAs far exceeding 10 12 cm
has been accomplished and crystal structures 4 and electrical transport properties 5, 6 of such structures have been examined. Comparatively little is known on the intersubband transition process in heavily delta-doped GaAs QWs. In such systems, the electro-static potential induced by Si ϩ ions and the many-body effects are expected to play important roles in determining their electronic states. Figure 1 shows the subband energy E 1 and E 2 in delta-doped GaAs QWs calculated as functions of dopant concentration N d in the Hartree approximation, and the shape of the potential and the wave function of each level for the two extremes ͑N d ϭ10 11 and 10 13 cm Ϫ2 ͒. As shown in Fig. 1 , Si ϩ ions in the middle of the QW lower both the ground level energy E 1 and the second level E 2 . Since the shift of E 1 is larger than that of E 2 , the intersubband spacing E 12 is expected to increase.
In this letter, we investigate the intersubband absorption spectra on a series of GaAs/AlAs QWs to systematically clarify the role of delta doping of Si atoms in the range of N s up to 6.5ϫ10 12 cm
. In interpreting the data, we also examine the contribution of the depolarization shift which enhances the intersubband transition energy.
For our experiment, we have grown by molecular beam epitaxy ͑MBE͒ five samples ͑A-E͒, each of which nominally contains 36 monolayer ͑ML͒ thick GaAs QWs sandwiched by 21-ML-thick AlAs barriers. Sample A has 10 periods of GaAs QWs, each of which is delta doped with Si atoms of 9.0ϫ10 11 .
APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 6 9 FEBRUARY 1998 oms in every 6 ML of GaAs starting at the position of 3 ML from the bottom interface. For the sake of simplicity we call this type of samples as uniformly doped QW. For the growth of these QWs, we first deposited a 0.5-m-thick GaAs buffer layer and a 0.2 m Al 0.3 Ga 0.7 As layer on a semi-insulating GaAs ͑001͒ substrate. We then grew Si-doped GaAs/AlAs QWs. The deposition of Si atoms was done by interrupting the growth while the As 4 flux was on. The density N d of Si atoms was adjusted mainly by deposition time and determined by Hall measurement at room temperature. The growth interruption of 60 s was introduced at the AlAs-onGaAs interface to smooth the top interface. The growth rate for GaAs was 0.5 m/h and the substrate temperature was 500°C. The migration of delta-doped Si atoms at 500°C is negligible, since the SIMS profile work 7 has shown that the Si concentration decreases by a factor of 10 for every 2.2 nm to the surface even when Si density is 1.19ϫ10 13 cm
. On top of these doped QWs, we grew as reference QWs three periods of 18-ML-thick nondoped GaAs QWs with 21-MLthick AlAs barriers. They were characterized by photoluminescence ͑PL͒ measurements to confirm that the positiondependent variation of QW thickness is within 5%.
Using a Fourier transform infrared ͑FTIR͒ spectrometer, intersubband absorption spectra were measured at room temperature in the internal reflection geometry. Each wafer was processed into a 3-mm-long waveguide structure of 0.3 mm in thickness. Both ends were polished at 45°so that the light incident in that face is reflected at the top and the bottom surface of the waveguide, which were covered with 50-nmthick gold. Figure 2 shows the absorption spectra of delta-doped QWs ͑sample A-D͒ and of a uniformly doped QW ͑sample E͒. Note that the absorption peaks of delta-doped QWs shift towards the higher energy as the Si concentration N d increases from 9.0ϫ10 11 to 6.5ϫ10 12 cm
. In contrast, the peak of uniformly doped QW with N d ϭ4.1ϫ10
12 cm
shifts only slightly, indicating that the position of Si atoms plays the dominant role. The integrated absorption intensity of sample A-D tends to increase with the increase of N d , which is mainly because the electron density of the ground subband increases.
In Fig. 3 , we plot by circles and a triangle the peak energies of delta-doped QWs ͑sample A-D͒ and of uniformly doped QW ͑sample E͒, respectively, as functions of the concentration of Si donors. The energies at which the absorption becomes one-half of the maximum are also shown. This figure shows that the peak energy of sample D (N d ϭ6.5ϫ10 12 cm
) is 38 meV higher than that of sample A (N d ϭ9.0ϫ10 11 cm
). In contrast, the peak energy of sample E with N d ϭ4.1ϫ10 12 cm Ϫ2 is larger than that of sample A only by 6 meV. Hence, the intersubband transition energy of delta-doped QWs is significantly larger than that of uniformly doped QWs.
We interpret our data as follows. In uniformly doped QWs, where the one-electron confinement potential remains almost square, the enhancement of intersubband transition energy with N d results mainly from the depolarization shift. In delta-doped QW, however, the dopant-induced change of the electrostatic potential becomes important in addition to the depolarization shift. The further increase of the peak energy in delta-doped QW than uniformly-doped QW can, therefore, be attributed to this effect. We discuss this quantitatively.
In doped QWs, the resonance energy W 12 for direct optical excitation of intersubband transition can be theoretically expressed as 8 resents the intersubband spacing including the static contribution of the electron-Si-ion and electron-electron interaction. The remainder represents their dynamic contribution on the intersubband transition, which consists of the Hartree term ␣ 12 ͑the depolarization shift͒ and the exchangecorrelation correction Ϫ␤ 12 ͑the excitonic effect͒. It has been pointed out, [8] [9] [10] for GaAs, that the higher order contribution of the many-body effects such as xc and ␤ 12 are usually small compared with others in ͑1͒.
The depolarization shift ␣ 12 can be evaluated by 11
where N 1 (N 2 ) and 1 ( 2 ) are the electron density and the wave function of the ground ͑the first excited͒ subband, respectively and E GaAs is the dielectric constant of GaAs. We evaluate this contribution as the intersubband transition energy W 12 ϭE 12 (1ϩ␣ 12 ) 1/2 under the assumption that ⌬ϭ0 and xc ϭ␤ 12 ϭ0, and plot it as a function of N d by the broken curve in Fig. 3 . This curve explains the observed intersubband transition energy W 12 in uniformly doped QWs reasonably well, since ⌬ is expected to be small in the case of uniform doping. Note that the depolarization effect enhances the transition energy by 25 meV, about 20% of E 12 , at N d ϭ5ϫ10 12 cm
. Once N d exceeds 5ϫ10 12 cm
, the broken line tends to level off, because electrons start to populate in the first excited subband.
Second we discuss the effect of ⌬ in Eq. ͑1͒. The calculation of ⌬ in delta-doped QWs is given in Fig. 1 as the difference between the subband energy shifts of E 1 and E 2 , that is ⌬ϭE 2 -E 1 -E 12 . As shown in Fig. 1 , the oneelectron potential at a high delta-doping level has a sharp dip in the center of the QWs, so that the E 1 is lowered more strongly than E 2 to give enhanced ⌬. This is in contrast with the uniform doping, where the spatial variation of the oneelectron potential is so gradual that the difference in the shifts of E 1 and E 2 is small. Intersubband transition energy of delta-doped QWs under the assumption of xc ϭ␤ 12 ϭ0 is thus estimated as (E 12 ϩ⌬)(1ϩ␣ 12 ) 1/2 , and is plotted by the solid curve in Fig. 3 as a function of N d . The curve shows a good agreement with the experimental data ͑solid circles͒.
Note that the difference in the transition energy for uniformly doped and delta-doped QWs is significant. By numerical calculation, we have found that the change in the shape of 1 and 2 induced by delta doping is small ͑see Fig. 1͒ . Hence, the depolarization term (1ϩ␣ 12 ) 1/2 of a delta-doped QW is almost the same as that of a uniformly doped QW below 10 13 cm
. The difference in the transition energy for uniformly doped and delta-doped QWs is, therefore, ascribed to ⌬, which is 15 meV, about 13% of E 12 . We expect that the dynamic exchange-correlation correction ␤ 12 should be similarly small. This estimation supports the above interpretation based only on ⌬ and ␣ 12 . Furthermore, we expect that xc of delta-doped QW is almost the same as that of uniformly doped QW at a fixed value of N d , because the electron density in the ground subband is almost the same in both cases. Hence, the difference between the uniform doping and delta doping can be attributed to the term ⌬, the V-shaped potential due to delta doping.
These findings show that the intersubband spacing can be substantially increased not only by reducing the well width but also by delta doping. This also suggests that more electrons can be accommodated in the ground subband in delta-doped QWs than in uniformly doped systems. This feature is attractive for the application to high power FETs. Moreover, since the oscillator strength for intersubband transition process in delta-doped QWs with N d Ͻ10 13 cm Ϫ2 remains almost the same as that of uniformly doped QWs, the delta doping leads to the increase of intersubband absorption intensity. This feature is important in some infrared optical device applications.
We have shown experimentally that the delta doping of Si in the middle of QW leads to a substantial increase of intersubband energy. The observed increase of the transition energy is mainly ascribed to the deepening of the V-shaped potential induced by Si ϩ ions. Many-body effects such as the depolarization and exchange effect affect the transition energy, but the difference of transition energy between deltadoped QWs and uniformly doped QWs results mostly from the V-shaped potential.
